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Model Filled Polymers. VI. Determination of the
Crosslink Density of Polymeric Beads by Swelling

Z.Y.DING: J. J. AKLONIS**, and R. SALOVEY!

Department of Chemical Engineering and ** Department of Chemistry,
University of Southern California, Los Angeles, California 90089-1211

Introduction

One of the most important structural parameters characterizing crosslinked polymers is
M_, the average molecular weight between crosslinks, which is directly related to the crosslink
density. The magnitude of M, significantly affects the physical and mechanical properties
of crosslinked polymers and its determination has great practical significance. Equilibrium
swelling is widely used to determine M, [1-9]. Early research by Flory and Rehner [3, 4] laid
the foundations for the analysis of equilibrium swelling. According to the theory of Flory

and Rehner [10], for a perfect network,

(8172 — 5/2)

M, =-W 1
1Pp [ln(1—¢p)+¢p+X1¢,2,] (1)

where,

M. is the number average molecular weight of the polymer between crosslinks
V; is the molar volume of the solvent

pp is the polymer density
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¢, is the volume fraction of polymer in the swollen gel

x1 is the Flory-Huggins interaction parameter between solvent and polymer

The swelling ratio, s, is equal to 1/¢,. Here, the crosslink density, q, is defined as the
mole fraction of crosslinked units [10].
M,

q= Me (2)

where, M, is the molecular weight of the polymer repeat unit. We have defined ¢ in Equa-

tion (2) in order to simplify direct comparison with the mole fraction of divinyl monomers

in copolymerization. Other authors {11} define a crosslink density, v, as the number of elas-

tically effective chains, totally included in a perfect network, per unit volume. v, is simply

related to q. Since,

_ PN
Ve = i, (3)
where, N is Avogadro’s number. Then,
N
v=t (4)

Ordinarily, a uniformly swollen polymer sample that is wet with solvent may be dried with
absorbent paper and weighed, to determine ¢,. This method cannot be applied to polymer
microbeads, whose diameter may be less than one micron. We must prevent the loss of
polymer microbeads during filtration (for the removal of solvent after swelling) and account
for solvent adsorption and inclusion in the large surface and void volumes of collections of
beads. Any excess solvent retained by swollen microbeads, in addition to that required for
swelling, must be removed for accurate determination of M..

Using a frozen “sandwich” technique, Miller et al. [12] determined the swelling ratios
of individual polystyrene microbeads by electron microscopy. Lange {13} determined the
swelling ratio of particulate polymers by measuring the volume of swollen particles by sed-
imentation in an analytical ultracentrifuge. Errede et al. [14] developed a technique of

fabricating microporous composite films consisting of polystyrene beads, crosslinked with




divinylbenzene and enmeshed in polytetrafluoroethylene microfibers, and characterized the
beads reproducibly by the swelling of composite films [15-19]. However, the preparation of
such films was a very time consuming process. We will describe simplified techniques for

studying the swelling behavior of polymeric microbeads and report typical calibration data.
Experimental Details

Materials

Polymeric microbeads ranging in diameter from 0.2 to 1 u were prepared by emulsion
polymerization in the absence of emulsifier [23]. Polytetrafluorethylene (PTFE) ultrafiltra-
tion membranes with 0.2 4 pores were obtained from Millipore Co. (type FG) and used to
enclose the beads in order to prevent loss during swelling. Toluene solvent for polystyrene
was analytical reagent from Mallinkrodt Inc. and has a molar volume of 106.3 cm®/mol
[20]. For polymethyl methacrylate beads, the solvent used is analytical reagent methyl ethyl
ketone obtained from Mallinkrodt, with a molar volume of 89.6 cm®/mol [20]. Hexane was
used as non-solvent and is also analytical reagent grade from Mallinkrodt Inc. The density
of polystyrene was taken to be 1.05 g/cm® [20]. The density of polymethyl methacrylate is
1.17 g/cm?® [20].

Swelling

A PTFE ultrafiltration membrane is weighed and inserted in a concave configuration into
a metal wire basket, and weighed polymer microbeads placed on the membrane. The basket
is suspended within a test tube from a hook attached to a stopper which seals the tube. The
basket assembly is soaked in solvent, contained within the tube, which is held in a water
bath at a selected swelling temperature.

In order to correct for solvent adsotbed on the surface of beads or contained within the
voids between beads, the swelling experiment was first conducted with non-solvent. After
about 20 minutes soaking (by which time the sampie achieves constant weight), a wet bead
sample and PTFE membrane are removed from the wire basket and placed in a centrifuge

tube on top of a roll of absorbent paper, in the bottom of the tube, which is then closed with




a stopper. The tube is inserted into a centrifuge (Sorvall, type GLC-2B, DuPont Instrument
Co.) with a radius of 10 cmn and centrifuged for 5 minutes. Thereafter, the sample and
ultrafiltration membrane are removed, placed into a weighing bottle, which was then sealed
and weighed. The volume of non-solvent retained was calculuted and a correction for trapped
solvent derived.

Sample and membrane are dried overnight in a vacuum oven at 80°C, so tuat ali non-
solvent has been removed and the sample reacquires its original weight. Following vacuum
drying, the sample and membrane are reinserted into the metal wire basket and the entire
assembly placed in solvent in a constant temperature bath. Equilibrium swelling was reached
within 24 hours. After an identical procedure of centrifugation, the total solvent uptake was
determined by gravimetry and corrected as describeq. The experimental procedure takes
about three days, but up to twenty samples are analyzed simultaneously.

The time and speed of centrifugation were selected in order to remove “excess” solvent
equilibrating with the swollen bead sample, yet not aflect solvent actually swelling the sam-
ple, especially for highly swollen, lightly crosslinked, beads. Using crosslinked polystyrene
samples, it was observed that the amount of solvent swelling the samples remained constant
for 5 minutes centrifugation at speeds ranging from 200 to 800 rpm (although the total sol-
vent uptake and the volume of non-solvent trapped varied with centrifugation speed). Below
200 rpm, the corrected value of included solvent varied sharply with centrifuge speed, while,
above 800 rpm, solvent swelling the bead sample was gradually lost. In this research, the
centrifugation speed was selected between 300 to 500 rpm, to preclude loss of swelling solvent
from lightly crosslinked samples.

The reproducibility of swelling measurements was assessed by repeating tests for four
times. The precision of volume fraction determinations of polymer in swollen gels approx-
imated 2% leading to a reproducibility in crosslink density of about 4%. For polystyrene
systems, the polymer-solvent interaction parameter was estimated using the following for-

mula (21, 22]:

x1 = 0.431 — 0.311¢, — 0.036¢? (8)

For polymethyl methacrylate/methyl ethyl ketone, x; was taken as 0.48, as calculated from




the second virial coefficient from light scattering [24, 25]. Swelling experiments were con-
ducted at 25°C.

It was observed that the weight of swollen samples decreased after prolonged swelling
and drying and the presence of some sol in lightly crosslinked polystyrene beads was inferred
(6, 7]. Accordingly, polystyrene beads were extracted with toluene for 48 hours, followed
by acetone for 24 hours, prior to swelling experiments. The fractions of material extracted
ranged from 3.4 to 6.8%. Extracted samples did not, sulsequently, decrease in weight during

swelling experiments.
Results

The crosslink densities of polystyrene and polymethyl methacrylate beads are reported.
Results of swelling measurements on different polystyrene microbeads crosslinked with se-
lected amounts of divinyl benzene (DVB) are listed in Table 1.

Polymethyl methacrylate (PMMA) beads had been crosslinked with either ethylene gly-
col dimethacrylate (EGDMA) or allyl methacrylate (AMA). The results of swelling measure-

ments on different PMMA beads are summarized in Table 2.
Discussion

In ascertaining the amount of swelling, we have corrected for adsorbed and interstitial
solvent by assuming that the volume of excess solvent is equal to the volume of non-solvent
retained under identical experimental conditions. Of course, this is only an approxima-
tion. However, we suggest that this is a reasonable assumption in order to account for an,
otherwise, elusive quantity.

For the swelling of PS beads, it is observed (Table 1), that the mole fraction of crosslinked
units, ¢, always exceeds the mole fraction of DVB in copolymerization with styrene. Several
explanations are possible. Since crosslinked PS networks were extracted with toluene and
acetone, prior to swelling, it is likely that soluble linear and branched materials are lost.
These include very lightly crosslinked PS. As a result, the apparent crosslink density of the
extracted gel would be elevated.



Subsequent swelling studies in our laboratories have shown that the crosslink density of
the PS networks varies with conversion and, ordinarily, is highest at low conversion. This
results from batch copolymerization, in which the reactivity of DVB is higher than that of
styrene in copolymerization {22, 26-30]. Although, the samples studied are, usually, of high
conversion, it is possible that some range of crosslink density is observed.

For the swelling of PMMA networks, we observed that EGDMA was always a more
efficient crosslinking comonomer than AMA. Since AMA is not “symmetrical” and includes
allyl, as well as, methacrylate, functional groups, it is likely that allyl is less reactive. As a
result, during copolymerization with methacrylates, pendant allyl groups are less effective
in crosslinking. Indeed, we have observed that the presence of EGDMA increases the rate
of copolymerization, while the addition of AMA reduces the rate of reaction. However,
although the efficiency of crosslinking was reduced in the copolymerization of methacrylate
with allyl methacrylate, the premature coagulation of the emulsion (during reaction), was
also reduced.

Again, with EGDMA, the mole fraction of crosslink units, g, exceeds the mole fraction of
EGDMA in copolymerization. Perhaps, as with PS networks, the extraction of soluble linear
and branched methacrylate chains, in this case, during swelling, leads to an overestimation
of the actual crosslink density.

Unsuccessful attempts were made using spectroscopic techniques to detect unreacted
unsaturation in the uncrosslinked networks, corresponding to pendant vinyl, methacrylate
or a.ll&l groups. It is possible that such groups may have disappeared by side reactions. In
any case, the very small concentration of possible pendant groups may preclude spectroscopic

analysis.
Conclusions

A simplified technique has been developed for characterizing the crosslink density of
monodisperse polymeric beads by equilibrium swelling. This technique involves swelling
beads on a PTFE ultrafiltration membrane, correcting for excess solvent, adsorbed or in-
cluded, by comparison with non-solvent, and removing excess solvent by centrifugation. For

PS beads, the mole percent of crosslinked units, approximated, but always exceeded, the




mole percent of DVB in copolymerization with styrene. Here, the crosslink density was
varied from 1-11%. For the crosslinking of PMMA beads, EGDMA was a more eflicient
crosslinking comonomer than AMA. Here, the crosslink density approximated, but slightly
exceeded, the mole percent of EGDMA comonomer. The reproducibility in crosslink density
measurements by this technique approximated 4%.

Research is in progress on the variation and control of crosslink density in polymeric

beads with conversion.
Acknowledgement

This work was supported in part by the Office of Naval Research and by DARPA.




References

(1] M. Mooney, J. Appl. Phys., 11, 582 (1940).

(2] R. S. Rivlin, and D. W. Sanders, Trans. Faraday Soc., 48, 200 (1952).
(3] P.J. Flory, and J. Rehner, Jr., J. Chem. Phys., 11, 521 (1943).

[4] P. J. Flory, J. Chem. Phys., 18, 108 (1950).

(5] P. Mason, Polymer, 5, 625 (1964).

[6] R. F. Boyer, J. Chem. Phys., 13, 363 (1945).

(7] R. F. Boyer, and R. S. Spencer, J. Polym. Sci., 3, 97 (1948).

(8] F. P. Regas, and G. N. Valkanes, Polymer, 25, 245 (1984).

(9] M. J. Smith, and N. A. Peppas, Polymer, 26, 569 (1985); L. M. Lucht, and N.
A. Peppas, Fuel, 66, 803 (1987).

[10] P. J. Flory, Principles of Polymer Chemistry, Cornell University Press, Ithaca,
New York (1953).

(11] L. E. Nielsen, J. Macromol. Sci.-Revs. Macromol. Chem., C3, 69 (1969).
[12] Y. Talmon, and W. G. Miller, J. Colloid Interface Sci., 87, 284 (1978).
[13] H. Lange, Colloid & Polym. Sci., 264, 488 (1986).

[14] L. A. Errede, J. D. Stoesz, and L. M. Sitvio, J. Appl. Polym. Sci., 31, 2721
(1986).

[15] L. A. Errede, J. Appl. Polym. Sci., 31, 1749 (1986).
[16) L. A. Errede, R. A. Newmark, and J. R. Hill, Macromolecules, 19, 651 (1986).
[17] L. A. Errede, Macromolecules, 19, 654 (1986).

(18] L. A. Errede, Macromolecules, 19, 1522 (1986).

8




[19] L. A. Errede, Macromolecules, 19, 1525 (1986).

[20] D. W. Wan Krevelen, Properties of Polymers-Their Estimation and Correlation
with Chemical Structure, Elsevier Scientific Publishing Company (1976).

(21] I. Noda, Y. Higo, N. Veno, and T. Fujimoto, Macromolecules, 17, 1055 (1984).

[22] J. Brandrup, and E. H. Immergut (eds.), Polymer Handbook, John Wiley and
Sons (1989), Section VII/175.

(23] D. Zou, V. Derlich, K. Gandhi, M. Park, L. Sun, D. Kriz, Y. D. Lee, G. Kim,
J. J. Aklonis, and R. Salovey, J. Polym. Sci. -Part A: Polym. Chem., 28, 1909
(1990).

[24] W. H. Stockmeyer, L. D. Moore, Jr., M. Fixman, and B. N. Epstein, J. Polym.
Sci., 16, 517 (1955).

[25] S. N. Chini, J. D. Matlack, A. L. Resnick, and R. J. Samuels, J. Polym. Sci.,
17, 391 (1955).

[26] R. H. Wiley, and E. E. Sale, J. Polym. Sci, 42, 491 (1960).

[27] R. H. Wiley, W. K. Mathews, and K. F. O'Driscoll, J. Macromol. Sci.~Chem.,
A1, 503 (1967).

[28] R. H. Wiley, S. P. Rao, J.-I. Jin, and K. S. Kim, J. Macromol. Sci.-Chem., A4,
1453 (1970).

(29] R. H. Wiley, Pure Appl. Chem., 43, 57 (1975).

(30] C. D. Frick, and A. Rudin, J. Macromol. Sci-Chem., A16, 1275 (1981).




Table 1. Swelling of Polystyrene Beads

DVB &p M. q
mole% | mole%
. 1]5.13|0.195 | 6.8 x 10° 1.52
21423 10.236 | 4.2 2.51
214.5210.221 | 4.9 2.11
513.12]0.321 |18 5.76
513.04 10329 (1.7 6.19
10 [ 2.52 | 0.398 | 0.97 10.70
10 | 2.47 | 0.404 | 0.93 11.26

Table 2. Swelling of Polymethyl Methacrylate Beads

i Crosslinker s &p M, q
mole% mole%
5% EGDMA | 2.54 | 0.393 | 1.7 x 103 5.73
5% EGDMA | 2.63 | 0.380 | 1.9 5.14
5% AMA 299 {0335 2.91 3.44
5% AMA 2.9910.334 | 2.92 3.43
10
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